Little is known about the expression of heme transporters in human placenta and possible associations between these transporters and maternal or neonatal iron status. To address this area of research, relative protein expression of 2 heme transporters, Feline Leukemia Virus, Subgroup C, Receptor 1 (FLVCR1) and Breast Cancer Resistance Protein (BCRP), was assessed using Western-blot analysis in human placental tissue in relation to maternal/neonatal iron status and placental iron concentration. Placental FLVCR1 (n = 71) and BCRP (n = 83) expression were assessed at term (36.6-41.7 wk gestation) in a cohort of pregnant adolescents (13-18 y of age) at high-risk of iron deficiency. Both FLVCR1 and BCRP were detected in all placental samples assayed. Placental FLVCR1 expression was positively related to placental BCRP expression (n = 69; R 2 = 0.104; P , 0.05). Adolescents that were anemic at delivery had lower placental FLVCR1 expression (n = 49; P , 0.05).
Introduction
Iron is one of the most abundant metals in the human body (1) . During pregnancy, substantial amounts of iron are trafficked across the human placenta to endow the neonate with~300 mg of iron at birth (2) . Neonatal body iron content at term (75 mg/kg) is nearly twice that of an adult female (3, 4) . To meet the high iron demands of pregnancy, women must absorb sufficient iron from dietary (nonheme and heme iron) and/or supplemental (nonheme) sources. Because there are no physiologically regulatable routes of iron loss from the body, iron transport across the enterocyte is limited even in the face of high iron demands (4) . Thus, the increased iron demands of pregnancy are often difficult to meet from diet alone and women often rely on prepregnancy body iron reserves and/or iron supplementation.
Many of the proteins integral to nonheme iron absorption have been identified over the past 10-15 y (5). In contrast, much less is known about the cellular proteins involved in intestinal or placental heme iron trafficking, but heme absorption is known to be less influenced by iron status compared with absorption of nonheme iron (6, 7) . Recently, the Feline Leukemia, Subgroup C, Receptor 1 (FLVCR1) 7 and the Breast Cancer Resistance Protein (BCRP) have been identified as having roles in cellular heme transport (8, 9) .
BCRP is a member of the ATP-binding cassette efflux transporter family (9) and is responsible for multidrug resistance in cancer cells (10, 11) . The placenta has consistently been shown to have the highest level of BCRP mRNA (9, 12) and this protein localizes to the apical membrane of the syncytiotrophoblast (13) . BCRP knockout mice (Bcrp1 2/2 ) are viable and fertile but exhibit a unique form of protoporphyria (103 greater erythrocyte protoporphyrin IX), suggesting that partial or complete lack of BCRP in humans may affect iron metabolism and lead to porphyrin-related phototoxicities (14) . FLVCR1 functions as a receptor for Feline Leukemia Virus, Subgroup C, a retrovirus that induces pure red-cell aplasia in viremic felines (15) . To date, FLCVR1 has been identified in over 15 human tissues and, as observed for BCRP, the highest tissue expression of FLVCR1 is found in the placenta (16) . Studies investigating the role of FLVCR1 in erythropoiesis have determined that FLVCR1 exports heme and cell surface expression of this heme export protein decreases as erythropoiesis proceeds (8) . These findings suggest that FLVCR1 may control intracellular heme content as heme synthesis increases to support erythrocyte differentiation (17) . FLVCR1 may also play a role in the etiology of Diamond Blackfan Anemia (a congenital human pure red-cell aplasia) (18, 19) . Recently, FLVCR2 was also identified as a cell surface heme transporter, but at present much less is known about this FLVCR1 homolog (20) .
The functions of BCRP and FLVCR1 in the placenta and potential relationships between these cellular heme iron-trafficking proteins and maternal and/or neonatal iron status remain unexplored. The objectives of this study were to determine the relative protein expression of FLVCR1 and BCRP in term placental tissue obtained from pregnant adolescents. Possible associations between these 2 heme transporters and maternal/neonatal iron status and placental iron concentration were explored in a group known to be at high risk for iron deficiency.
Methods
Participants. Placental tissue utilized in this study was obtained from 2 USDA-funded studies addressing relationships between maternal and neonatal nutritional status in pregnant adolescents. The first study was designed to assess longitudinal changes in maternal and fetal bone health across gestation. The second study was undertaken to explore iron status in archived serum from the first cohort and additional pregnant adolescents were recruited to explore the impact of maternal iron status on neonatal iron status and functional neonatal outcomes at birth. In both studies, adolescents (#18 y of age) were recruited from the Rochester Adolescent Maternity Program in Rochester, NY. At midgestation (25.3 6 3.4 wk), maternal blood was collected and maternal blood, cord blood, and placental tissue were obtained at delivery (39.8 6 1.2 wk). Adolescents with HIV infection, eating disorders, malabsorption diseases, diabetes, gestational hypertension, or any other diagnosed medical conditions were excluded from the study. Race and ethnicity of adolescents were self-reported. All procedures were approved by the Institutional Review Boards at Cornell University and the University of Rochester and written informed consent was obtained from all study participants. To date, data on placental transferrin receptor expression in this cohort were previously reported (21) .
Placenta collection and processing. Placentas were collected shortly after birth. For protein isolations, 4-5 randomly selected placental sections were dissected from multiple cotyledons and maternal and fetal membranes were removed. Each section was divided into quarters, randomly distributed into 10 aliquots, and flash frozen until analysis. Thawed placental tissue was rinsed thoroughly with a 0.9% saline solution containing a protease inhibitor cocktail (Sigma-Aldrich) to remove surface hemoglobin (Hb). Tissue was then homogenized at~5000 rpm in hypertonic lysis buffer and centrifuged at 14,000 3 g for 15-25 min at 48C. Protein concentrations in the supernatant were determined using a BIO-RAD assay. Lysates were diluted in SDS sample buffer and stored at 2208C until use in Western-blot analyses.
Placental total iron assessment. Approximately 1.0 g of placental tissue (containing both maternal and fetal membranes) was collected and rinsed thoroughly in sterile deionized water to remove surface Hb. Tissue was then dried to constant weight and digested in Ultrex HNO 3 using an Ethos EZ microwave digestion system (Milestone). Acid digests were completely evaporated and resuspended in 0.5% Ultrex HNO 3 . The total iron concentration was determined using atomic absorption spectrophotometry (Perkin Elmer AAnalyst Model 800, Perkin Elmer Instruments). Data were expressed as mmol iron/g placental dry weight (1 mg iron = 55.8 mmol iron).
Western-blot analysis. For assessment of FLVCR1, protein isolates were run on SDS-PAGE gels and transferred to polyvinylidene difluoride fluorescence membranes (Millipore). Membranes were blocked in Odyssey blocking buffer (LI-COR Biosciences) for 1 h at room temperature and subsequently probed overnight at 48C with FLVCR1 antibody diluted 1:5000 in a 1:1 dilution of Odyssey blocking buffer to 13 PBS containing 0.1% Tween. FLVCR1 antibody was provided by Janis Abkowitz (University of Washington, Department of Medicine/Hematology); characteristics of this antibody were previously published (8, 16) . Membranes were rinsed and probed for 1 h at room temperature with IRDye 680 conjugated goat (polyclonal) anti-rabbit IgG (LI-COR Biosciences) diluted 1:5000 in 1:1 dilution of Odyssey blocking buffer to 13 PBS with 0.1% Tween and then scanned and quantified using an Odyssey machine (Li-Cor Biosciences). eta-Actin (Santa Cruz Biotechnology) was used as a loading control and human liver lysate (Abcam) was used as a membrane control.
Assessment of BCRP expression was undertaken using a commercial BCRP antibody (1:250 dilution of clone BXP-21; Kamiya Biomedical) that was previously found to recognize placental BCRP expression (22) . The secondary antibody utilized [IRDye 800 conjugated goat (polyclonal) antimouse IgG (LI-COR Biosciences)] was diluted 1:5000. Beta-actin was used as a loading control and human placental homogenate as a membrane control. Methods for determination of placental transferrin receptor expression in this cohort were previously reported (21) .
Biochemical assessment. Maternal and neonatal Hb concentrations were determined in whole blood using the Cell Dyn 4000 system (Abbott Laboratories). Serum ferritin (SF) and transferrin receptor (sTfR) (Ramco Laboratories) and maternal estradiol (ALPCO) were measured using enzyme immunoassays.
Maternal anemia was defined as Hb , 105 g/L (second trimester) or , 110 g/L (3rd trimester) according to CDC guidelines (23) . Adolescents with SF , 12 mg/L were classified as having depleted iron stores (24) and those with sTfR . 8.5 mg/L were classified as having tissue iron deficiency (25) . Iron depletion was defined if the sTfR:SF ratio was .300 using criteria previously developed among pregnant women (26) . Total body iron (mg/kg) was calculated as 2{log[sTfR(mg/L)/SF(mg/L)] 2 2.8229/0.1207} (27) .
Statistical analysis. All data analyses were conducted using JMP 8.0 (SAS Institute). We used descriptive statistics to analyze general participant 
Results
Participant characteristics. The mean age at enrollment into the study was 17.0 6 1.1 y (n = 83) ( Table 1) . Twenty-three percent (n = 19/83) of the adolescents were overweight (BMI . 25 kg/m 2 ) and 19% (n = 16/83) were obese (BMI . 30 kg/m 2 ) based on self-reported prepregnancy weight at entry into the study. Mean maternal weight gain during pregnancy was 17.1 6 6.8 kg (n = 83) and 67% (n = 56/83) gained more than the 2009 Institute of Medicine's recommended weight gain based on prepregnancy BMI (28) . Fifty-four percent (n = 45/83) of neonates were boys and 46% (n = 38/83) were girls. Among the adolescents studied, 11% (n = 9/83) reported that they were currently smoking cigarettes.
At delivery, 29% (n = 22/75) of adolescents had low iron stores (SF , 12 mg/L) and 12% (n = 9/75) had tissue iron deficiency (sTfR . 8.5 mg/L) ( Table 2) . Twenty percent (n = 14/ 71) of neonates had SF , 76 mg/L, a cutoff previously shown to be associated with subsequent impaired mental and psychomotor function at 5 y of age (29) . A positive linear relationship between maternal SF and neonatal SF at delivery approached significance (P = 0.056; R 2 = 0.054; n = 68). No significant differences in maternal estradiol at mid-gestation (P = 0.21; n = 67) or at delivery (P = 0.54; n = 74) were observed between African American and Caucasian adolescents.
Placental expression of FLVCR1. All placental tissue analyzed had detectable levels of FLVCR1 expression across the range at which deliveries occurred in this cohort (36.6-41.7 wk gestation) (Fig. 1A) . Placental FLVCR1 was not significantly associated with maternal age, gestational age at delivery, smoking, prepregnancy BMI, pregnancy weight gain, parity, race, ethnicity, mid-gestation or delivery estradiol, placental weight, or neonatal gender. An inverse trend between placental FLVCR1 expression and neonatal weight at delivery approached significance (P = 0.058; R 2 = 0.051; n = 71). Adolescents that were anemic at delivery [29% (n = 16/55); Hb , 110 g/L] had significantly lower placental FLVCR1 expression (P = 0.034; n = 49). Similarly, in iron-depleted adolescents [42% (n = 31/74); sTfR: SF . 300], maternal delivery SF was positively related to placental FLVCR1 expression (P = 0.011; R 2 = 0.24; n = 26) ( Fig. 2A) . This relationship was not evident in adolescents with sufficient iron stores (sTfR:SF , 300). Mean placental iron concentration was 5.72 6 2.4 mmol iron/g placental dry weight (n = 72) and was directly related to placental FLVCR1 ( Fig. 2B ; P = 0.049; R 2 = 0.064; n = 61). Placental FLVCR1 expression was not significantly associated with neonatal SF, total body iron, or maternal or neonatal sTfR.
Placental expression of BCRP. As observed for FLVCR1, all placentas analyzed (36.6-41.7 wk gestation) had detectable levels of BCRP expression (Fig. 1B) . Two BCRP values were .3 SD above the mean and were excluded from all subsequent analyses. Placental BCRP expression was not associated with maternal or neonatal SF or placental iron concentration (Fig.  3A,B) , nor was it associated with other iron status indicators measured. Furthermore, no significant associations were evident between BCRP and maternal age, gestational age at delivery, maternal smoking, prepregnancy BMI, pregnancy weight gain, parity, ethnicity, placental weight, neonatal weight, or neonatal gender. In this population, African American adolescents (n = 51) had higher levels of placental BCRP expression (P = 0.034) compared with Caucasians (n = 29). A direct relationship was observed between placental BCRP expression and maternal estradiol (P = 0.022; R 2 = 0.079; n = 66) at mid-gestation but not at delivery. A direct relationship was observed between relative placental FLVCR1 expression and relative placental BCRP expression ( Fig. 4A ; P = 0.007; R 2 = 0.10; n = 69). No significant relationships were evident between either of the heme transporters and placental expression of TfR (a cellular receptor for nonheme iron) (Fig. 4B,C) .
Discussion
We found that both heme transport proteins examined, FLVCR1 and BCRP, were highly expressed in all placental tissue analyzed. The function of these 2 heme transport proteins in the human placenta is unknown and may be multifactorial. Heme is known to play a regulatory role through its ability to affect gene transcription and translation (30) . Heme is also an integral component of many hemoproteins, including those involved in
FLVCR1 has recently been reported to be present at sites of high-heme flux, including the placenta, liver, duodenum, macrophages, and liver (16) . In nonerthryoid cells, FLVCR1 functions in heme iron trafficking, and in erythroid cells, FLVCR1 may prevent heme toxicity by exporting excess heme that is not needed for erythrocyte formation. Hemopexin, a systemic protein that transports free heme, has recently been found to be necessary for FLVCR1 function and both proteins are necessary for heme iron trafficking and maintenance of systemic iron balance (31) . Hemopexin itself has been shown to be capable of downregulating the expression of the human placental transferrin receptor (32) .
Although many advances have been made in explaining the role of FLVCR1 in systemic iron homeostasis and erythropoiesis, little is understood about the role of this protein within the placenta. FLVCR1 in the human placenta may function as it does in the erythroid cell to prevent accumulation of free heme that may be presented to the placenta bound to hemopexin from intravascular RBC catabolism. Approximately 10% of RBC catabolism is thought to occur intravascularly and the heme released is transported in the circulation bound to hemopexin (33) . Macrophages may aid in heme iron recycling as they release heme to hemopexin during phagocytosis of senescent RBC. Tissue utilization of scavenged heme from intravascular Hb breakdown is known to occur in other body tissues, such as the proximal tubules of the kidney (34) .
FLVCR1 may serve other placental iron-trafficking functions to support the 3-8 mg/d of iron that are transferred to the fetus during the 3rd trimester of pregnancy (35) . Consistent with this possibility, a significant relationship was observed between placental FLVCR1 expression and maternal iron status. Maternal anemia was associated with a significantly lower expression of placental FLVCR1, and in adolescents with depleted iron stores, placental FLVCR1 expression was directly correlated with maternal iron status at delivery. Approximately 24% of the variability in placental FLVCR1 expression in these adolescents could be explained by maternal iron reserves (SF) at delivery. Moreover, higher placental iron concentration was associated with higher expression of FLVCR1. The positive association we observed between FLVCR1 and placental iron concentration supports our finding of lower levels of placental FLVCR1 expression in anemic compared with nonanemic adolescents. Few normative data on placental iron concentration have been published and existing data have been obtained using relatively small sample sizes. The mean placental iron concentration we found, 319.7 6 132.6 mg/g (n = 72), is considerably higher than that reported by Langini et al. [170 6 56 mg/g (n = 38) (36)] but considerably lower than that reported by Osada et al. [~720 mg/g (n = 30) (37)]. However, our sampling method (representative sampling of the entire placenta with homogenization of collected samples) differed from that used in prior studies (a single placental sample obtained only from the immediate umbilical insertion area) (36, 37) .
In contrast to our observed FLVCR1 findings, placental BCRP was not associated with any of the maternal iron status indicators assessed in this study. Placental BCRP was, however, significantly correlated with maternal estradiol at mid-gestation but not at delivery. The observed relationship at mid-gestation is consistent with the finding of an estrogen response element in the promoter of the BCRP gene (ABCG2) (38) and with the previous report that placental BCRP expression is highest at midgestation (39) . The variable estrogen concentrations that can occur during the labor process (40) may explain why we found no significant relationship between placental BCRP expression and estradiol concentrations at parturition.
African American adolescents in our study had significantly higher BCRP expression compared with the Caucasian adolescents. This did not appear to be due to estrogen, because no significant differences in estrogen were evident between the African American and Caucasian adolescents studied. Previous work on the frequency of BCRP SNPs in various racially diverse populations (n = 222) found that 25.9% of Caucasians and 0% of African Americans had the C421A SNP in exon 5 of the BCRP gene (41) . This SNP has been shown to be associated with lower levels of BCRP and therefore these individuals may express lower levels of the BCRP protein (22) .
To date, little information is known concerning the determinants and mechanisms of iron transport in the placenta. These data confirm the expression of 2 heme transport proteins in the human placenta and suggest that the expression of the placental heme iron transporter FLVCR1 is associated with maternal iron status and placental tissue iron concentration. Given the growing body of literature highlighting the importance of neonatal iron status at birth on subsequent cognitive and behavioral outcomes, more work on mechanisms of placental heme iron transport and the role of heme transporters in relation to fetal iron status is needed. 
